The objective of this study was to determine the effects of feeding an increased amount of extruded flaxseed with high proportions of n-3 fatty acids (FA) to transition dairy cows on performance, energy balance, and FA composition in plasma, adipose tissue, and milk fat. Multiparous Israeli-Holstein dry cows (n = 44) at 256 d of pregnancy were assigned to 2 treatments: (1) control cows were fed prepartum a dry-cow diet and postpartum a lactating-cow diet that consisted of 5.8% ether extracts; and (2) extruded flaxseed (EF) cows were supplemented prepartum with 1 kg of extruded flaxseed (7.9% dry matter)/cow per d, and postpartum were fed a diet containing 9.2% of the same supplement. The EF supplement was fed until 100 d in milk. On average, each pre-and postpartum EF cow consumed 160.9 and 376.2 g of C18:3n-3/d, respectively. Postpartum dry matter intake was 3.8% higher in the EF cows. Milk production was 6.4% higher and fat content was 0.4% U lower in the EF group than in the controls, with no differences in fat and protein yields. Energy balance in the EF cows was more positive than in the controls; however, no differences were observed in concentrations of nonesterified fatty acids and glucose in plasma. Compared with controls, EF cows had greater proportions of C18:3n-3 in plasma and adipose tissue. The proportion of n-3 FA in milk fat was 3.7-fold higher in the EF cows, and the n-6:n-3 ratio was decreased from 8.3 in controls to 2.3 in the EF cows. Within-group tests revealed that the C18:3n-3 content in milk fat in the EF cows was negatively correlated with milk fat percentage (r = -0.91) and yield (r = -0.89). However, no decrease in de novo synthesis of less than 16-carbon FA was found in the EF group, whereas C16:0 yields were markedly decreased. It appears that the enrichment of C18:3n-3 in milk fat was limited to approximately 2%, and the potential for increasing this n-3 FA in milk is higher for cows with lower milk fat contents. In conclusion, feeding increased amounts of C18:3n-3 during the transition period enhanced dry matter intake postpartum, increased milk production, decreased milk fat content, and improved energy balance. Increased amounts of EF considerably influenced the FA profile of plasma, adipose tissue, and milk fat. However, the extent of C18:3n-3 enrichment in milk fat was limited and was negatively correlated with milk fat content and yield.
INTRODUCTION
Omega-3 (n-3) fatty acids (FA) have been shown to have several health benefits for humans; in particular, they have been shown to decrease the incidence of cardiovascular diseases, hypertension, and arthritis (Simopoulos, 2002) . As a result, there is growing interest in enhancing the proportion of these FA in milk fat. Flaxseed is the most widely available botanical source of n-3 FA (mostly α-linolenic acid, C18:3n-3); consequently, feeding flaxseed to dairy cows could increase the n-3 FA content and decrease the n-6:n-3 ratio in milk fat.
Various forms of flaxseed have been used to evaluate the transfer of C18:3n-3 into milk fat and results were diverse. Petit et al. (2004) fed cows with untreated whole flaxseed that provided C18:3n-3 at about 534 g/ cow per day, and found a 1.8-fold increase in n-3 FA in milk fat, whereas Ambrose et al. (2006) observed a nearly 3-fold increase in the C18:3n-3 content of milk for cows fed at approximately 2.0 kg/d per cow with rolled flaxseed that contained 147 g of that FA, compared with the milk fat FA content of cows fed at approximately 1.85 kg/cow per day with rolled sunflower seed. The differences between studies in the apparent transfer rates may be ascribed to differences in the proportion of C18:3n-3 in the control groups, and to the flaxseed form.
In recent years, several studies have examined the effects of feeding dairy cows n-3 FA sources on milk production and milk fat FA composition (Gonthier et al., 2005; Akraim et al., 2007; Petit et al., 2007) . These studies have shown that flaxseed was effective in increasing the n-3 FA content in plasma and milk fat, but little information exists regarding the effects of dietary n-3 FA on feed intake, blood metabolites, or energy balance in transition dairy cows. Multiparous cows supplemented with saturated fat (1.7 and 3.3% of DM pre-and postpartum, respectively) or whole flaxseed (3.3 and 11.0% of DM pre-and postpartum, respectively) beginning 6 wk before parturition had increased liver glycogen concentrations and decreased liver concentrations of triglycerides (Petit et al., 2007) . It has been suggested that feeding flaxseed to prepartum cows might be a useful strategy to increase liver concentrations of glycogen and to decrease liver concentrations of triglycerides after calving, which might prevent the development of fatty liver in the transition dairy cow (Petit et al., 2007) .
The objectives of the present study were to examine the effects of feeding increased amounts of an extruded flaxseed supplement rich in C18:3n-3 to high-yielding dairy cows from 3 wk before parturition until 100 DIM on DMI, production, energy balance, plasma metabolites, and FA composition in milk fat, plasma, and adipose tissue.
MATERIALS AND METHODS

Cows and Treatments
The Volcani Center Animal Care Committee approved all of the procedures involving animals. The study was conducted from September to May to avoid heat stress. Forty-four multiparous Israeli-Holstein dry cows at the Volcani Center experimental farm (Bet Dagan, Israel), 249 d pregnant, were group-housed in shaded outdoor pens with adjacent outside yards, which were equipped with a real-time electronic individual feeding system. Each station was equipped with an individual identification system (S.A.E. Afikim, Kibbutz Afikim, Israel) that allowed a cow to enter a specific station and automatically recorded each meal. At 256 d of pregnancy (and on through 100 DIM) following 7 d of adaptation to the individual feeding system, cows were divided into 2 treatment groups: (1) control cows (n = 22) were fed prepartum a dry-cow diet, and postpartum received a lactating-cow diet according to NRC (2001) recommendations containing 5.8% ether extract (DM basis); (2) cows (n = 22) were fed prepartum with a dry-cow diet supplemented with extruded flaxseed (EF group; Valorex, Combourtillé, France) at 1 kg/cow per d (7.9% of DM), and postpartum with a lactating-cow diet containing 9.2% (DM basis) of the same supplement.
On average, EF cows were supplemented, pre-and postpartum, with C18:3n-3 at 172.2 and 402.5 g/cow per day, respectively. Compositions and contents of diets are presented in Table 1 . Diets were isonitrogenous and isoenergetic, and ether extract contents also were similar in postpartum diets. The extruded supplement contained 21.7% CP, 30.4% ether extracts (DM basis), and 3.1 Mcal of NE L /kg of DM. The FA profile of the postpartum diets is presented in Table 2 . The Valomega supplement is a blend of 70% flaxseed and 30% wheat bran. Flaxseed mainly originated from winterseeded varieties. Flaxseed was ground through a 3-mm screen and then mixed with wheat bran. The blend was treated with preheat and prehumidification with steam and water for 10 to 30 min to reach a temperature between 50 and 100°C. After this "conditioning treatment" step, the mix was driven through a single-screw extruder with high pressure and reached an endpoint temperature below 120°C due to mechanical constrains. The extruded blend was then cooled and dried to reach a DM level of more than 90% (Tradi-Lin Technology, Patent No. EP 1021 960 B1).
Cows were stratified randomly within a stratum, and strata were defined by the following parameters: milk yield and fat percentage during the first 100 DIM of previous lactation, parity, BW, and BCS. In the previous lactation of the control and EF groups, average milk yields and fat contents were 43.4 and 43.4 kg/d (SD = 8.4), and 3.45 and 3.43% (SD = 0.42), respectively. The respective average parity, BW, and BCS for the control and EF cows were 3.4 and 3.3 (SD = 1.3), 734.8 and 738.9 kg (SD = 75.9), and 3.4 and 3.3 U (SD = 0.73).
Measurements
Cows were individually fed a TMR once a day at 1100 h in amounts that ensured 7% refusals. Amounts of feed offered and refused were recorded daily, and individual intake was calculated throughout the entire study. Supplements were individually hand mixed into the TMR and the daily individual amounts were adjusted twice weekly.
During the dry period, cows were weighed weekly; postpartum, they were automatically weighed 3 times daily after each milking with a walking electronic scale (S.A.E. Afikim). Cows were milked at 0600, 1400, and 2100 h, and milk production from each milking was recorded electronically (S.A.E. Afikim). Body condition score on a scale of 1 to 5 (Edmonson et al., 1989) was determined weekly from d 249 of pregnancy through the end of the study by 1 technician. Duplicate samples of milk were collected from 3 consecutive milkings every 2 wk until 100 DIM for milk solids content analysis, and determination of the FA profile in milk fat. Contents of milk fat, protein, and lactose were determined according to International Dairy Federation Standard 141C (International Dairy Federation, 2000) by infrared analysis in the Israeli Cattle Breeders Association (Caesarea, Israel) laboratories.
Energy content in milk and energy balance (EB) were calculated according to NRC (2001) where NE C = net energy consumed and NE P = net energy output in milk. Blood samples were collected 3 times weekly after morning milking, at 0800 h on Sunday, Tuesday, and Thursday, from commencement of dietary treatments until 21 DIM. Samples were collected from the jugular vein into vacuum tubes containing lithium heparin (Becton Dickinson Systems, Cowley, UK), and remained on ice until plasma was harvested. Plasma was collected after centrifugation at 1,500 × g for 20 min, and stored at −31°C pending analysis.
Cows were examined by a veterinarian 7 to 10 d after calving, and clinical events were recorded.
Adipose Tissue Sampling
Adipose tissue samples from the s.c. fat pad around the pin bones were taken randomly from subgroups of cows (13 controls and 12 EF) for FA profile determination. Adipose samples were taken on average 10 d 
Chemical Analysis
Total mixed rations were sampled weekly, and DM, CP, NDF, ADF, Ca, and P were determined. Feed samples were dried at 65°C for 24 h and then ground to pass through a 1.0-mm screen (Retsch SM 100, Retsch GmbH, Haan, Germany). Samples were analyzed for N (AOAC, 1990; method 984.13), Ca (AOAC, 1990; method 935.13), and P (AOAC, 1990; method 964.06); NDF and ADF contents were determined with Ankom (Ankom Technology, Fairport, NY) equipment (NDF by using α-amylase and sodium sulfite). Additional diet sample portions were dried at 100°C for 3 h, and calculations for nutrient contents were conducted accordingly. Values of NE L were calculated according to NRC values (NRC, 2001) .
Plasma glucose was determined with a glucose reagent kit (Glucose UV, 10 × 50 mL; Raichem, San Diego, CA) that used 2 enzymatic reactions with hexokinase and glucose-6-phosphate dehydrogenase to generate a UV emission that was correlated with the sample glucose concentration. The samples were examined at 340 nm with an optical density reader (Sunrise, Tecan, Salzburg, Austria), and results were calibrated against known glucose concentrations. Similarly, plasma NEFA concentrations were determined with a Wako NEFA C Test Kit (Wako Chemicals GmbH, Neuss, Germany), in which 3 enzymatic reactions with acyl-coA-synthetase, acyl-coA-oxidase, and peroxidase generated a UV emission that was examined at 550 nm with an optical density reader and calibrated against known NEFA concentrations.
Fatty Acid Profiles of Plasma, Milk Fat, and Adipose Tissue
Fatty acids in plasma (100 μL) and adipose tissue samples (100 mg) were extracted according to Moallem et al. (1999) . Briefly, the samples were saponified in a mixture of 60% KOH and ethanol, extracted with petroleum ether, and methylated with 5% sulfuric acid in methanol. Plasma FA was analyzed with a model 5890 series 2 gas chromatograph (Hewlett-Packard, Palo Alto, CA) equipped with a capillary column (30 m × 0.53 mm, 0.5 mm; Agilent Technologies, Santa Clara, CA) and a flame-ionization detector. The column was maintained at 160°C isothermal. Nitrogen was the carrier gas with a linear velocity of 22 cm/s; injection vol- 1 SFA = sum of saturated FA; MUFA = sum of monounsaturated FA; PUFA = sum of polyunsaturated FA; n-3 = sum of n-3 FA; and n-6 = sum of n-6 FA.
ume was 2 μL. Adipose FA was analyzed with a model 7890N gas chromatograph (Agilent Technologies, Santa Clara, CA) equipped with a DB-23 capillary column (60 m × 0.25 mm, 0.25 μm; Agilent Technologies) and a flame-ionization detector. The initial temperature of the column was 130°C, which was increased at 6.5°C/ min to 170°C, then at 2.75°C/min to 215°C, where it was held for 18 min before being increased at 40°C/min to 230°C for the remainder of the analysis. Hydrogen was used as the carrier gas with a linear velocity of 1.6 m/min; injection volume was 1 μL with a split ratio of 1:100. Milk samples from 3 milkings at each session were composited based on the milk production at each milking. Milk samples from 6 control and 7 EF cows, all randomly selected, were analyzed for milk fat FA profile every 30 d (a total of 18 control and 21 EF analyses). Milk fat FA profiles were examined after extraction by AOAC method 996.06 (AOAC, 1990) , and GC was performed at Milouda Laboratories (Haifa, Israel) with an Agilent model 6890N gas chromatograph (Agilent Technologies) equipped with a Quadrex capillary column (60 m × 0.25 mm, 0.25 μm; Quadrex, Woodbridge, CT) and an FID. The initial column temperature was 60°C. The temperature was increased at 5°C/min to 225°C, where it was maintained. Carrier gas was hydrogen with a linear velocity of 1.6 m/min; injection volume was 1 μL, with a split ratio 1:100. The individual fat yields of each cow at each sampling day were used for calculation of the specific FA yields. The specific FA yields were calculated as described by Glasser et al. (2007) .
Statistical Analysis
Continuous variables (milk, DMI, energy balance, and blood metabolites) were analyzed as repeated measurements with the MIXED procedure of SAS (SAS Institute, 2002) . The effects of the treatment × DIM and treatment × parity × DIM interactions were tested and found to be not significant for each dependent variable; therefore, these effects were excluded from the model. Dry matter intake was analyzed separately for pre-and postpartum periods. Each production variable was analyzed, with the specific data of the 100 DIM of the previous lactation used as a covariable.
The final model used was as follows:
where Y ijklm = dependent variable, μ = overall mean, T i = treatment effect i, L j = parity, j = 2 or >2, C(T × L) ijk = cow k nested in treatment i and cow nested in parity j , DIM ijkl = days in milk as continuous variable and E ijklm = random residual. The autoregressive order 1 was used as a covariance structure in the model. Whenever the quadratic effect was found to be not significant, it was excluded from the model and the model was rerun.
Compositions of FA in plasma and milk fat were also analyzed as repeated measurements using the MIXED procedure of SAS (SAS Institute, 2002) . The model included the effects of DIM and of the interaction treatment × DIM. Because the interaction treatment × DIM was not significant for any FA that was tested, it was excluded from the model.
Body weight and FA composition in adipose tissue were analyzed with the General Linear Models procedure of SAS, and the PROC REG procedure of SAS (SAS Institute, 2002) was used for correlation analysis.
Least squares means and adjusted SEM are presented in Tables 2 to 7; P < 0.05 was accepted as significant unless otherwise stated.
RESULTS AND DISCUSSION
DMI and Milk Production
Fatty acid profiles of diets are presented in Table  2 . The C16:0 FA content was 3.0 times higher in the control than in the EF diet. The C18:3n-3 was 18 times higher (P < 0.007) and the total n-3 FA contents were 9.6 times higher (P < 0.006) in the EF diet than in the control. Total saturated fatty acids (SFA) content in the EF diet was 40% of that in the control diet (P < 0.001) and total polyunsaturated fatty acids (PUFA) content was almost twice as high in the EF as it was in the control diet (P < 0.001).
Average prepartum DMI was not affected by treatment, whereas the postpartum DMI and energy intake were 3.8 (P < 0.006) and 5% (P < 0.001), respectively, higher in EF versus control cows (Table 3 ). The increased intake of the EF cows is consistent with the results of Petit et al. (2007) , who found that a diet containing a high proportion of SFA caused lower feed intake than one rich in unsaturated FA. However, several other studies have found that decreased intake resulted from abomasal infusion of unsaturated FA (Drackley et al., 1992; Bremmer et al., 1998) or from feeding cows increasing amounts of unsaturated FA at the expense of SFA (Harvatine and Allen, 2006) . In addition, in a study conducted in our laboratory, feeding transition cows with the calcium salts of long-chain fatty acids rich in PUFA decreased DMI pre-and postpartum compared with prilled fat rich in SFA (Moallem et al., 5881 EFFECTS OF N-3 FATTY ACIDS ON TRANSITION COWS 2007). Gonthier et al. (2005) found that feeding cows with extruded flaxseed at 12.7% of DM did not affect DMI, whereas Chilliard et al. (2009) reported that feeding cows with a supplement containing 70% extruded flaxseed (21.2% of DM) decreased DMI. The inconsistency between DMI results obtained in different studies might be due to differences in the amounts and forms of supplements, but also could be due to differences in their palatability, rather than to the FA composition of supplements per se.
Milk yield until 100 DIM was 6.4% higher (P < 0.004) and fat content was 0.4 U (11%) lower in the EF cows than in the controls (P < 0.001), whereas fat yield, FCM, and milk energy output were not affected by treatment (Table 3) . These results are in line with findings from Petit et al. (2007) , in which cows fed whole flaxseed at 3.3 and 11% of DM prepartum and postpartum, respectively, produced more milk with a lower milk fat percentage than did those fed a supplement rich in SFA. Decreased milk fat percentage was also observed by Mustafa et al. (2003) in cows fed 7% raw flaxseed, and by Chilliard et al. (2009) in cows fed a supplement containing 70% extruded flaxseed at 21.2% of the diet. However, Gonthier et al. (2005) did not observe an effect on DMI from feeding extruded flaxseed (12.7% of DM), whereas Chilliard et al. (2009) found that cows fed a supplement with 70% extruded flaxseed (21.2% of DM) had decreased DMI. Discrepancies between studies might be related to differences among the amounts and forms of supplemental flaxseed, or to interactions with other diet components, as suggested by Chilliard et al. (2009) .
BW, BCS, EB, and Plasma Metabolite Concentrations
Prepartum average BW were similar in the 2 groups, but postpartum, the control cows lost more BW than did the EF cows; at 100 DIM, the EF cows were, on average, 32.2 kg heavier than the controls (Table 3, Figure 1A ; P < 0.001). Similarly, the control cows continued to lose BCS until wk 8 postpartum, whereas the EF cows started to gain BCS from wk 6 postpartum on average. Prepartum, BCS of control and EF cows was 3.57 and 3.49 (SEM = 0.08; P > 0.1), respectively, and at 100 DIM it was 2.24 and 2.36 (SEM = 0.04; P < 0.06), respectively.
Calculated EB during 100 DIM was 1.5 Mcal higher in the EF versus the control cows (2.3 and 0.8 Mcal/d, respectively; P < 0.004; Table 3 and Figure 1B ). The EB nadir was lower in the control cows than in the EF cows (−7.7 and −3.6 Mcal, respectively; P < 0.004); however, days to negative EB nadir and time to return to positive EB were not affected by treatment. Nevertheless, differences in EB were not reflected in plasma concentrations of glucose (P < 0.4) or NEFA (P < 0.9) in control and EF cows (70.9 and 68.9 mg/dL, respectively, SEM = 1.5; and 287.1 and 298.6 μEq/L, respectively, SEM = 32). Moreover, records of clinical events revealed no differences between groups in frequency of clinical disorders (data not shown). Energy consumption was 5% higher and energy output in milk was 2% lower in EF versus control cows, which contributed to improved EB. Similar results were reported when transition cows were fed a postpartum diet containing 11.0% whole flaxseed; these cows had a higher EB than did those fed an SFA-rich fat supplement (Petit et al., 2007) . Several studies examined the effectiveness of milk fat depression (MFD) diets during early lactation (Bernal-Santos et al., 2003; Castañeda-Gutiérrez et al., 2005) as an approach to decrease energy expenditure, but they failed to reduce fat synthesis immediately after calving and, consequently, did not improve cows' EB status. In a recent study, Odens et al. (2007) used larger amounts of conjugated linoleic acid, and found that fat yield was depressed within days after parturition and, indeed, the EB of these cows was improved. In the present study, the EF cows channeled energy toward milk production at the expense of fat production, so that the total energy output in milk did not reduce. However, the high energy intake of the EF cows contributed to EB by improving the other side of the EB equation (energy consumption).
Plasma and Adipose Tissue Fatty Acids Composition
The content of C16:0 in plasma was higher in the control than in the EF cows (P < 0.004; Table 4 ), whereas that of C18:3n-3 was greater in the latter: 1.03 and 5.43 g per 100 g in control and EF cows, respectively (P < 0.001). No differences were observed between groups in the proportions of total SFA, monounsaturated fatty acids (MUFA) and PUFA in plasma. However, the plasma n-6/n-3 ratio was considerably lower in the EF than in the control cows: 8.2 and 48.9, respectively (P < 0.001).
The adipose tissue FA profile is presented in Table 5 . No differences were observed between groups in composition of the prominent FA in adipose tissue, i.e., C16:0, C18:0, and C18:1n-9, which accounted for ~80% of the total FA. The C14:0 (P < 0.02), C18:2n-6 (P < 0.03) and C18:3n-3 (P < 0.004) contents were higher in the EF group than in the controls, whereas C20:4n-6 was higher in the control (P < 0.03). No differences between groups were observed in total SFA and MUFA, but total PUFA tended to be higher in the EF than in the control animals (P < 0.08). In the present study, the n-6/n-3 ratio in adipose tissue was lower in the EF cows than in the controls: 0.32 and 1.01 g per 100 g, respectively (P < 0.01), whereas when Bilby et al. (2006) compared cows that were fed calcium salt of fish oil-enriched lipid with those fed oil of whole cottonseed (at 1.9% of dietary DM), they found no difference in n-6/n-3 ratio. It could be presumed that the greater amount of n-3 FA supplementation in the present study than in that of Bilby et al. (2006) was more effective in altering the FA composition in adipose tissue.
The temporal FA profile in plasma revealed that relative FA composition was changed over time during the transition period. In general, the plasma FA profile was similar to that found by Petit et al. (2007) . In both groups, there was a trend to increased relative concentrations of C16:0 (Figure 2A) , C18:0, and C18:1n-9 ( Figure 2B ) in plasma as calving approached, followed by declines that started a few days post calving. Also, the major FA in adipose tissue, as determined in the present study, were C16:0 (~30%), C18:0 (~17%) and C18:1n-9 (approximately 41%; Table 5 ), similar to those reported elsewhere (Rukkwamsuk et al., 2000; Bilby et al., 2006) . The increased relative content of these components in plasma FA reflected the contribution of FA derived from peripartum mobilization of adipose tissue, as also reported by Rukkwamsuk et al. (2000) and Petit et al. (2007) . In contrast, relative content of C20:3n-6 ( Figure 2C ) and C20:4n-6 ( Figure 2D ) in plasma FA in both groups started to decline a few weeks before calving, and that of C20:3n-6 continued after calving. Indeed, the proportions of these FA in plasma were significantly affected by DIM (Table 4 ). The C18:2n-6 and C18:3n-3 can be converted in the liver to longer chain PUFA, such as C20:3n-6 and C20:4n-6, by desaturation and elongation enzyme systems (Wathes et al., 2007) ; therefore, the decline in C20:3n-6 and C20:4n-6 proportions in plasma FA might be partly attributed to the decrease in DMI as calving approached and consequently the decline in availability of precursors for elongated FA. Moreover, it is plausible that the intensive changes in liver metabolism around calving might include decreased desaturation and elongation activity, with subsequent declines in the proportions of these FA in plasma.
Milk Fatty Acid Composition and Yields
In the present study, to avoid effects of early lactation on milk-fat composition, the FA content in milk fat was analyzed and presented only in samples taken at or after 25 DIM. Profile and yields of FA in milk fat are presented in Tables 6 and 7 , respectively. The proportion and yield of C16:0 in milk fat were 1.5 times higher in control than in EF cows (P < 0.001). The proportions of C18:3n-3 and C22:5n-3 in milk fat were 5.1 (P < 0.001) and 3 (P < 0.008) times as great in EF as in control cows, whereas the daily yield of C18:3n-3 was 4.6 times as high in the EF as in the control cows: 24.1 and 5.2 g/d, respectively (P < 0.001). The overall n-3 FA content in milk fat was 3.7 times higher in the
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EF than in the control group (P < 0.001), and the n-6/n-3 ratio was reduced from 8.3 in the control to 2.3 in the EF group (P < 0.001). The proportion of SFA in milk fat was 10.9% higher in the control than in the EF group (P < 0.001), whereas those of MUFA and PUFA in milk fat were higher in the EF cows than in controls (P < 0.002).
Transfer rates of C18:3n-3 from diet to milk fat averaged 22.7 and 5.9% in the control and EF cows, respectively (P < 0.001), which matches the results of Chilliard et al. (2009) , who found that control cows had greater transfer efficiency than those supplemented with extruded linseed. Moreover, in the present study, the transfer rate of C18:3n-3 in the EF cows was negatively correlated with dietary 18:3n-3 intake (r = −0.52; P < 0.02), which implies that the transfer rate decreased as supplemental C18:3n-3 increased. The transfer rate of C18:3n-3 in EF cows in the present study was higher than that reported by Gonthier et al. (2005) for raw, micronized, and extruded flaxseed feed (12.7% of DM) or by Chilliard et al. (2009) , who fed cows a diet containing 21.2% of a supplement containing 70% extruded flaxseed. Discrepancies between studies could be attributed to differences in the supplement forms, intakes, and production level, but also to the high contents of extruded flaxseed in diets used by Gonthier et al. (2005) and Chilliard et al. (2009) , which might influence transfer rates. Temporal changes in (A) BW and (B) energy balance (EB) in control (□) dry cows from 256 d of pregnancy fed a dry-cow diet and a lactating-cow diet postpartum containing 5.8% ether extracts, and extruded flaxseed (EF, ) cows supplemented prepartum with extruded flaxseed at 1 kg/cow per day (7.9% of DM) and postpartum through 100 DIM with a lactating cow diet containing 9.2% of the same supplement. The SEM were 3.0 kg and 0.35 Mcal/d for BW and EB, respectively. P < 0.001) and yield (r = 0.96; P < 0.001) in milk fat. However, within-group tests of EF cows showed that correlations between dietary C18:3n-3 intake and its content and yields in milk fat were low and not significant (P < 0.40 and P < 0.12, respectively). In addition, the content of C18:3n-3 in milk fat reached a maximum of ~2%, which implies that the enrichment of this FA in milk fat by feeding partly protected flaxseed is limited, and that increasing the dietary supply of C18:3n-3 does not help to enrich milk fat. The average content of C18:3n-3 in milk fat in EF cows was 1.47 g/100 g of FA, which is higher than that reported in several studies fed a variety of sources and amounts of flaxseed (Gonthier et al., 2005; Petit et al., 2007; Chilliard et al., 2009) . In a recent study, Khas-Erdene et al. (2010) found that duodenal infusion of 120 g/d of C18:3 (as free fatty acids) increased the C18:3n-3 content in milk fat to 25.4%, but did not report yields. However, EF cows in the present study produced on average 24.1 g/d of C18:3n-3, which is, to the best of our knowledge, the highest amount achieved in cows fed flaxseed. The high amounts could be related to the high milk and fat yields in the present study, but also might be attributed to the increased amounts of C18:3n-3 consumed by the cows: average of 376.2 g/d per cow.
Enrichment of n-3 FA in Milk Fat and Interaction with Milk Fat Content
Interestingly, within-group tests also revealed that the C18:3n-3 content in milk fat FA in the EF group was highly and negatively correlated with milk fat percentage (r = -0.92; P < 0.0001; Figure 3A ) and yield (r = -0.89; P < 0.0001; Figure 3B ), whereas this pattern was not found in the controls (r = -0.14; P < 0.55). 1 SFA = sum of saturated FA; MUFA = sum of monounsaturated FA; PUFA = sum of polyunsaturated FA; n-3 = sum of n-3 FA; and n-6 = sum of n-6 FA.
2
Treatments were as follows: control = dry cows at 256 d of pregnancy fed a dry-cow diet and postpartum lactating cow diet consisting of 5.8% ether extracts; EF = supplemented prepartum at 1 kg/d per cow (7.9% of DM) with extruded flaxseed, and postpartum until 100 DIM with a diet containing 9.2% of the same supplement. 1 SFA = sum of saturated FA; MUFA = sum of monounsaturated FA; PUFA = sum of polyunsaturated FA; n-3 = sum of n-3 FA; and n-6 = sum of n-6 FA.
Milk fat synthesis might be depressed by unique FA isomers generated in the rumen during biohydrogenation of unsaturated FA (Bauman and Griinari, 2003) . Indeed, several studies reported higher concentrations of conjugated linoleic acid and C18:1 trans isomers in milk fat from cows supplemented with extruded flaxseed (Mustafa et al., 2003; Gonthier et al., 2005; Chilliard et al., 2009) . However, the typical decrease in de novo synthesis of <16-carbon FA in response to MFD diets was not found in the present study (389.8 and 421.5 g/d for EF and control, respectively; P < 0.38), in contrast with other reports (Mustafa et al., 2003; Akraim et al., 2007; Chilliard et al., 2009 ). On the other hand, rumen biohydrogenation rate increases with increasing unsaturation FA availability (Lock and Bauman, 2004) , and we would expect the formation of unique MFD isomers in the rumen to increase and consequently lower milk fat formation as consumption of C18:3n-3 increases. However, in the present study, no significant correlation was found between fat content in milk and dietary C18:3n-3 consumption (P < 0.25). It appears that the transfer of dietary C18:3n-3
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Figure 2. Temporal changes in plasma concentration (% of total fatty acids) of (A) C16:0, (B) C18:1, (C) C20:3n-6, and (D) C20:4n-6 from 21 d precalving to 21 d postcalving in control (□) dry cows from 256 d of pregnancy fed a dry-cow diet and postpartum a lactating-cow diet containing 5.8% ether extracts and extruded flaxseed (EF, ) cows prepartum supplemented with extruded flaxseed at 1 kg/cow per day (7.9% of DM) and postpartum through 100 DIM a diet containing 9.2% of the same supplement. SEM for C16:0 = 1.05; C18:1 = 0.5; C20:3n-6 = 0.30; C20:4n-6 = 0.37. into milk fat was more efficient in cows with a lower milk fat percentage, rather than in cows consuming large amounts of C18:3n-3 and, presumably, producing MFD intermediates in the rumen. Collectively, it might be concluded that an unknown mechanism limits the transfer rate of dietary C18:3n-3 into milk-fat and that this process is more efficient in cows with low milk fat content, perhaps independent of MFD intermediates generated in the rumen.
De novo synthesis of short-and medium-chain FA was not affected by treatment; however, in the present study, C16:0, which is partly derived from de novo synthesis (Baumgard et al., 2001) , was appreciably reduced in the EF cows. It might be that C16:0 synthesis was decreased partly by MFD intermediates, but also as a result of markedly less C16:0 consumption by EF versus control cows (187.7 and 559.8 g/d per cow, respectively), in which EF cows could not compensate for the vast gap between groups in availability of dietary C16:0, and thereby total milk fat was depressed in the EF group. It has been shown that about 60% of 16:0 present in abomasally infused butterfat is transferred into milk (Kadegowda et al., 2008) , and C16:0 has also been demonstrated as the most preferred substrate for the initial step of triacylglycerol synthesis in bovine mammary microsomes (Kinsella and Gross, 1973) . These 1 SFA = sum of saturated FA; MUFA = sum of monounsaturated FA; PUFA = sum of polyunsaturated FA; n-3 = sum of n-3 FA; and n-6 = sum of n-6 FA.
2
Treatments were as follows: control = dry cows at 256 d of pregnancy fed a dry-cow diet and postpartum lactating cow diet consisting of 5.8% ether extracts; EF = supplemented prepartum at 1 kg/d per cow (7.9% of DM) with extruded flaxseed, and postpartum until 100 DIM with a diet containing 9.2% of the same supplement. 66.5 65.7 2.7 0.84 n-6/n-3 146.4 38.6 9.1 0.001 1 SFA = sum of saturated FA; MUFA = sum of monounsaturated FA; PUFA = sum of polyunsaturated FA; n-3 = sum of n-3 FA; and n-6 = sum of n-6 FA.
Treatments were as follows: control = dry cows at 256 d of pregnancy fed a dry-cow diet and postpartum lactating cow diet consisting of 5.8% ether extracts; EF = supplemented prepartum at 1 kg/d per cow (7.9% of DM) with extruded flaxseed, and postpartum until 100 DIM with a diet containing 9.2% of the same supplement.
findings emphasize the central role of C16:0 in milk fat synthesis and might explain the lower fat percentage found in the EF cows as a result of lower palmitic acid consumption compared with control cows. Moreover, C16:0 yields in EF cows were negatively correlated with 18:3n-3 content (r = -0.91; P < 0.0001; Figure 4A ) and yield (r = -0.65; P < 0.002; Figure 4B ) in milk fat. Because no decrease in de novo synthesis of <16-carbon FA was observed, it could also be speculated that C18:3n-3 depresses de novo synthesis of C16:0, but not of shorter chain (<16) FA, which thereby reduces overall milk fat content and yield. However, further research is needed to elucidate this hypothesis.
CONCLUSIONS
Feeding transition cows an increased amount of extruded flaxseed that contained a high proportion of C18:3n-3, from 3 wk before calving until 100 DIM, enhanced DMI and milk yield, decreased milk fat content, and improved EB. Although relatively large amounts of C18:3n-3 were offered to and consumed by cows, the enrichment of milk fat with n-3 FA was limited to approximately 2% and was negatively correlated with milk fat content. No decrease in de novo synthesis of <16-carbon FA was found, whereas C16:0 was markedly decreased in the EF cows. Therefore, although we did not determine MFD intermediates in milk fat, it appears that the increase in C18:3n-3 content in milk fat was more efficient in cows with low milk fat percentages, independent of any in-rumen generation of MFD isomers. Moreover, C16:0 consumption was markedly lower in the EF than in the control cows. The EF cows could not compensate for the vast gap between groups in dietary C16:0 availability, resulting in depressed total milk fat in this group. Alternatively, it might also 
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Figure 3. Relationships between milk fat content of C18:3n-3 and (A) fat percentage in milk and (B) daily milk-fat yields in cows supplemented prepartum with extruded flaxseed (EF) at 1 kg/cow per day (7.9% of DM) and postpartum through 100 DIM with a diet containing 9.2% of the same supplement. Figure 4 . Relationships between yield of C16:0 and (A) percentage of C18:3n-3 in milk fat and (B) yields of C16:0 and C18:3n-3 in milk fat in cows supplemented prepartum with extruded flaxseed (EF) at 1 kg/cow per day (7.9% of DM) and postpartum through 100 DIM with a diet containing 9.2% of the same supplement. be hypothesized that C18:3n-3 itself depresses de novo synthesis of C16:0, but not that of shorter chain FA, and thereby reduces overall milk fat content and yield.
